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Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) are members of a family of perfluo-
rinated compounds. Both are environmentally persistent and found in the serum of wildlife and humans.
PFOS and PFOA are developmentally toxic in laboratory rodents. Exposure to these chemicals in utero
delays development and reduces postnatal survival and growth. Exposure to PFOS on the last 4 days of
gestation in the rat is sufficient to reduce neonatal survival. PFOS and PFOA are weak agonists of per-
oxisome proliferator activated receptor-alpha (PPARa). The reduced postnatal survival of neonatal mice
exposed to PFOA was recently shown to depend on expression of PPARa. This study used PPARa knockout
(KO) and 129S51/Svlim] wild type (WT) mice to determine if PPAR« expression is required for the develop-
mental toxicity of PFOS. After mating overnight, the next day was designated gestation day (GD) 0. WT
females were weighed and dosed orally from GD15 to 18 with 0.5% Tween-20, 4.5, 6.5, 8.5, or 10.5mg
PFOS/kg/day. KO females were dosed with 0.5% Tween-20, 8.5 or 10.5 mg PFOS/kg/day. Dams and pups
were observed daily and pups were weighed on postnatal day (PND) 1 and PND15. Eye opening was
recorded from PND12 to 15. Dams and pups were killed on PND15, body and liver weights recorded, and
serum collected. PFOS did not affect maternal weight gain or body or liver weights of the dams on PND15.
Neonatal survival (PND1-15) was significantly reduced by PFOS in both WT and KO litters at all doses.
WT and KO pup birth weight and weight gain from PND1 to 15 were not significantly affected by PFOS
exposure. Relative liver weight of WT and KO pups was significantly increased by the 10.5 mg/kg dose. Eye
opening of PFOS-exposed pups was slightly delayed in WT and KO on PND13 or 14, respectively. Because
results in WT and KO were comparable, it is concluded that PFOS-induced neonatal lethality and delayed
eye opening are not dependent on activation of PPARa.
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1. Introduction

Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA) are members of a family of perfluorinated compounds and
both are environmentally persistent and found in the serum of
wildlife and humans [1-6]. The 8-carbon chain compounds, PFOS
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and PFOA, have chemical properties that make them excellent sur-
factants. These attributes lead to many industrial and consumer
applications, including uses for coatings for fabrics, carpets, paper
products, in electroplating, etching, photography, hydraulic fluids,
fire-fighting foams, paints, waxes, and adhesives [7-9]. Monitoring
studies of environmental media, wildlife, and human tissues found
PFOA and PFOS in samples collected from around the world [10-13].
The global production and use of PFOS has declined since the phase
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out of manufacturing of the chemical by its major producer in 2002
[14] and US monitoring studies suggest that the levels of PFOS and
PFOA may currently be declining in human blood samples [15,16].
However, these compounds continue to be detected in all matri-
ces sampled and PFOA and PFOS generally are the most likely to
be detected and are typically at higher concentrations than other
perfluorinated compounds. PFOS and PFOA have been detected in
human blood, plasma, liver, seminal fluid, breast milk, and umbili-
cal cord blood [13,17-22]. See Lau et al. [23] for a recent review of
the monitoring and toxicity of these compounds.

PFOS and PFOA have been extensively studied for their effects
in animals and toxic responses to exposure include loss of body
weight, liver toxicity, tumorigenicity, mortality, and developmen-
tal toxicity (reviewed by [14,24]). The effects of in utero exposure of
mice and rats to PFOS include fetal weight reduction, cleft palate,
reduced postnatal survival, delayed eye opening, thyroid hormone
imbalance (depression of serum T4 and T3), and persistent postna-
tal growth deficits [25-28]. PFOA also produces reproductive and
developmental toxicity in rats and mice [29-31], although the out-
comes in rats are affected by a sex-dependent difference in the
elimination of PFOA, i.e. female rats have low levels of PFOA in
serum compared to male rats [31]. Mice do not have this gender
difference and levels of PFOA in serum are similar in the male
and female mice. The developmental toxicity of PFOA in mice is
similar to that seen after exposure to PFOS, with fetal weight reduc-
tion, dose-related full litter resorptions, reduced postnatal survival,
delayed eye opening, postnatal growth deficits, sex-specific alter-
ations in pubertal maturation, and persistent post-weaning growth
deficits [31]. Cross-foster studies for both PFOS and PFOA demon-
strated that the postnatal effects were not a consequence of altered
maternal behaviors [25,26,32,33]. In our cross-foster study of PFOA
with CD-1 mice, control pups fostered to treated dams survived
and did not have weight deficits, but pups exposed in utero and fos-
tered to control dams exhibited a high incidence of mortality and
surviving pups had low weights relative to control pups, suggesting
that neither maternal behaviors nor lactational insufficiency were
involved, and that in utero exposure was required to produce the
postnatal effects [33].

The mechanism(s) through which PFOS and PFOA produce
developmental toxicity remains unclear, but activation of per-
oxisome proliferator activated receptor-alpha (PPARa) may be a
factor, as PFOS and PFOA are weak activators of the receptor and
both induce hepatic peroxisome proliferation. PPARx is a ligand-
activated nuclear receptor that regulates gene expression in a
characteristic manner and has functions related to cell prolifera-
tion and differentiation [34,35]. PPAR« is present during embryonic
development and its expression varies with developmental stage
but PPARac mRNA and/or protein was found in the gastrointesti-
nal tract, liver, kidney, heart, fat, central nervous system, vertebrae,
skin, muscle, and lung [36-42]. The PPARa knockout (PPAR KO)
mouse was used in our previous studies [43] to evaluate whether
the developmental toxicity of PFOA is mediated through the PPARx
pathway. In these studies, PFOA-induced postnatal lethality in wild
type (WT) and heterozygous pups (even when heterozygotes were
born to PPAR KO dams), but not in PPAR KO pups. Delayed eye open-
ing and deficits in postnatal weight gain also appeared to depend on
PPARa expression, although other mechanisms may contribute to
producing those effects. It was concluded that PPARa was required
for PFOA to produce the postnatal lethality and that expression of
only one copy of the gene was sufficient.

Both PFOA and PFOS are peroxisome proliferators and weak
agonists for PPAR«, and the developmental toxicities of these com-
pounds are very similar in the mouse. Since PPAR«a is involved
in PFOA-induced postnatal lethality in mice, the present study
was undertaken to determine if postnatal lethality observed in

neonates exposed to PFOS during gestation is also mediated by
the PPARa pathway. This study used PPARa knockout and 12951
wild type mice to examine the survival, weight gain and eye open-
ing of pups exposed during gestation to PFOS. It is concluded that
PFOS-induced neonatal lethality and delayed eye opening are not
dependent on activation of PPARa and that the mechanisms lead-
ing to neonatal lethality differ for PFOS (PPARa-independent) and
PFOA (PPARa-dependent).

2. Materials and methods
2.1. Animals

Male and female 12951/Svim] wild type and PPARa knockout mice were origi-
nally obtained from Jackson Laboratories (Bar Harbor, MA), and a breeding colony
was established at EPA. The mice were housed in ventilated Tecniplast cages (Tec-
niplast USA, Exton, PA) and provided pellet chow (LabDiet 5001, PMI Nutrition
International, Brentwood, MO) and tap water ad libitum. Animal facilities were con-
trolled for temperature (20-24°C) and relative humidity (40-60%), and kept under a
12-h light-dark cycle. All animal studies were conducted in accordance with guide-
lines established by the US EPA ORD/NHEERL Institutional Animal Care and Use
Committee. Procedures and facilities were consistent with the recommendations of
the 1996 NRC “Guide for the Care and Use of Laboratory Animals”, the Animal Wel-
fare Act, and Public Health Service Policy on the Humane Care and Use of Laboratory
Animals.

2.2. Study protocol

Perfluorooctane sulfonate (potassium salt; >91% pure) was purchased from Fluka
Chemical (Steinhiem, Switzerland). PFOS was dissolved in 0.5% Tween-20 in water
and all dosing solutions were prepared fresh daily. Male and female mice of the
same strain were bred overnight and the next morning females were examined for
presence of a mating plug and this was designated GDO. On GD15, pregnant mice
were weighed and randomly assigned to treatment groups. On GD15-18, mice were
weighed daily and dosed by gavage with either vehicle (0.5% Tween-20) or PFOS.
WT mice were dosed at 4.5, 6.5, 8.5, or 10.5 mg/kg/day (10 mL/kg) and KO mice were
dosed with vehicle or PFOS at 8.5 or 10.5 mg/kg/day.

Selection of the dosing period during gestation was based on the effects of PFOS
on postnatal survival in the Sprague-Dawley rat. Grasty et al. [44] reported that
exposure during the final 4 days of gestation was sufficient to cause postnatal death.
These studies observed similar outcomes whether the dose was administered as
5 mg/kg/day for 20 days (GD2-21) or as 25 mg/kg/day across 4 days (GD17-20) and
in each regimen the same total dose was administered (100 mg/kg). Thus, in the
present study, the WT and KO mice were exposed to PFOS only on the last 4 days of
gestation.

The selection of the dose range for PFOS in the present study was influenced by
a difference in sensitivity between CD-1 and WT mice in their response to PFOA.
WT mice (which are on a 12951/Svlm] genetic background), were observed to be
about 8-10 times more sensitive than CD1 mice to the effects of PFOA on neonatal
survival [43], and unpublished observations. It was anticipated that there could be
a similar strain difference in sensitivity to PFOS. Lau et al. [25] reported a significant
reduction in postnatal survival in CD-1 mice exposed to PFOS after dosing from GD1
to 17 at 15 and 20 mg/kg/day, total doses of 260 and 340 mg/kg, respectively. In the
present study, mice with a 129S genetic background received one tenth of that total
dose (26 and 34 mg/kg) across the last 4 days of gestation, i.e. 6.5 and 8.5 mg/kg/day.
A lower and higher dose (4.5 and 10.5 mg/kg/day) were then selected to complete
the dose range.

At parturition (PND1), the number of live and dead pups was recorded and the
live pups in each litter were weighed as a group. The number of live pups in each
litter was recorded daily on PND1-15. Eye opening was monitored from PND 12 to
15. Litter weights were recorded by gender at PND15 and the pups and dams were
euthanized at that time. (Note: The study was conducted in three blocks and data
for the maternal weights, reproductive outcomes, serum levels, and pup survival
were collected from all three blocks. Pup weight, eye opening, pup liver weight, and
pup serum level data were collected only from blocks 2 and 3.) Adult females were
weighed, livers removed and weighed, and uteri stained with 2% ammonium sulfide
to count implantation sites [45]. Percent litter loss from implantation to birth was
calculated as (#implantation sites — #live pups at birth)/(#implantation sites) x 100.
Two pups from each litter (where possible, one of each sex), were weighed individ-
ually and liver weight recorded. Blood was collected from adult females and pups
(pooled from all pups in the litter) and serum prepared and stored frozen at —80°C
for later PFOS analysis.

2.3. Serum PFOS determination

Analysis of PFOS in serum was performed using a modification of a method orig-
inally developed by Hansen et al. [46]. Briefly, 25 L of serum was combined with
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Table 1
Maternal weights and reproductive outcomes in wild type and PPARa knockout (PPAR KO) mice after exposure to perfluorooctane sulfonate (PFOS) on GD15-18

Dose (mg/kg/day) Number of dams Maternal weight Maternal weight Implants per dam Total number of %Litter lossP

(g) GD18 gain (g) GD15-18 pups per litter?
Wild type
0 20 36.6 + 0.7 38+04 91+ 04 6.5+ 0.4 412 +£ 6.7
4.5 8 373 £ 11 44 + 0.7 9.1 + 0.7 6.8 +£0.8 30.0 +£5.2
6.5 13 338 +1.2 22+08 81+ 05 58+ 038 484 + 114
85 22 372 + 0.6 4.0+ 0.3 9.0 £ 0.5 7.0 £ 0.5 241 + 49
10.5 17 37.0 + 0.8 3.8+03 9.4 + 0.5 6.9 + 04 30.6 + 4.1
PPAR KO
0 13 36.3 + 0.7 4.0 + 04 8.5+ 0.5 6.9 + 0.6 243 + 73
85 16 345 + 1.1 24+ 0.6 8.8 +£ 0.5 54+ 0.7 424 + 6.0
10.5 14 373+ 10 39+03 101 £ 0.5 71+05 29.0 £ 4.7

Means (dams) or litter means (pups) & S.E.M. GD, gestational day.
2 Total number of live + dead at birth.

b percent litter loss from implantation to birth=(#implants — #live pups at birth)/#implants x 100.

1mL of 0.5M tetrabutylammonium hydrogen sulfate (pH 10) and 2 mL of 0.25M
sodium carbonate in a 15 mL polypropylene tube and then vortexed for 20 min. Three
hundred microliters of this mixture was then transferred to a fresh 15 mL polypropy-
lene tube and 25 p.L of a 1 ng/pL solution of ¥0,-PFOS (RTI International, Research
Triangle Park, NC) was added as an internal standard. Five milliliters of methyl tert-
butyl ether (MTBE) was then added and vortexed again for 20 min. The tube was
centrifuged to separate the aqueous and organic phases, and 1 mL of the MTBE
layer was transferred to a fresh 15 mL polypropylene tube, combined with 0.5 mL
of acetonitrile, and concentrated to <200 L at 55 °C using a TurboVap (Caliper Life
Sciences, Hopkinton, MA). The residue was mixed with 200 p.L of 2 mM ammonium
acetate and transferred to a polypropylene autosampler vial. Extracts were analyzed
using an Agilent 1100 high-performance liquid chromatograph (Agilent Technol-
ogy, Palo Alto, CA) coupled with an API 3000 triple quadrupole mass spectrometer
(Applied Biosystems, Foster City, CA) (LC/MS/MS). Ten microliters of the extract was
injected onto a Luna C18(2) 3 mm x 50 mm, 5 um column (Phenomenex, Torrance,
CA) using an isocratic mobile phase consisting of 30% 2mM ammonium acetate
solution and 70% acetonitrile at a flow rate of 200 w.L/min. PFOS and '®0,-PFOS were
monitored using parent and daughter ion transitions 0f499.0 > 80.0 and 503.0 > 83.9,
respectively. Peak integrations and areas were determined using Analyst Software
(Applied Biosystems Version 1.4.1). For each analytical batch, matrix-matched cal-
ibration curves were prepared using mouse serum spiked with varying levels of
PFOS (Fluka Chemical, Steinheim, Switzerland) as described above. For quality con-
trol (QC), check standards were prepared by spiking large volumes of mouse serum
at several arbitrary levels. These check standards were stored frozen and aliquots
analyzed with each analytical set. In addition, control mouse serum samples were
fortified at two or three levels in duplicate with known quantities of PFOS during
the preparation of each analytical set. Duplicate fortified and several check stan-
dards were run in each analytical batch to assess precision and accuracy. The limit
of quantitation (LOQ) was set as the lowest calibration point on the standard curve.
Analytical batches were considered to be acceptable if: matrix and reagent blanks
had no significant PFOS peaks approaching the LOQ, the standard curve had a correla-
tion coefficient >0.98, and all standard curve points, fortified and check samples were
within 70-130% of the theoretical and previously determined values, respectively.

2.4. Statistical analysis

Statistical analyses were run using Prism 4.0, GraphPad Software (San Diego, CA).
Means and standard errors of the mean (S.E.M.) were calculated for each group and

Table 2

differences between groups were determined using analyses of variance (ANOVA)
followed by pairwise tests with adjustments for multiple comparisons using Dun-
nett’s test. Linear regression models were also run to test for trends across dose
for PND15 pup liver weight, relative liver weight, and serum PFOS levels. Analyses
were performed separately by strain (KO and WT), and pup data were analyzed on a
litter basis. PND15 pup weight, liver weight and liver/body weight ratios were ana-
lyzed separately for male and female, as well as after combining the data for both
sexes.

Means and standard errors of serum PFOS levels were calculated by SAS Proc
Means and tests of differences were performed on square root transformed data sets
using ANOVA models by Proc Means and Proc Mixed and, as needed to adjust for the
relationship of dam and pup values, a random effect for dam was included (SAS/STAT
User’s Guide, Version 9, Cary, NC, SAS Institute Inc., 2003). For some control samples,
the level of PFOS was below the LOQ and for the analysis and to calculate mean and
standard error, the LOQ value (either 5 or 50 ng/mL, depending on the standard curve
for the assay) was substituted. Comparison of treatment groups and controls used
Dunnet’s test with adjustments for multiple comparisons.

3. Results

Maternal weight on GD18 and weight gain from GD15 to 18 were
unaffected by PFOS exposure at any dose in both WT and KO dams
(Table 1). The number of embryonic implantation sites, the total
number of pups at birth (live and dead pups) and the percent lit-
ter loss from implantation to birth were not significantly affected
by PFOS exposure in either WT or KO (Table 1). Pup birth weight,
pup weight on PND15, and weight gain from PND1 to 15 were not
significantly affected by PFOS in either WT or KO litters (Table 2).
PND15 pup weights and weight gain shown in Table 2 are based on
combining data for male and female pups in a litter. Pup weight of
PND15 males and females was not differentially affected by PFOS
exposure (data not shown).

PFOS exposure did not affect body weight, absolute or rela-
tive liver weight in either the WT or KO dams (body and liver

Birth weight and weight gain PND1-15 in wild type and PPARa knockout (PPAR KO) mice after exposure to perfluorooctane sulfonate (PFOS) on GD15-18

Dose (mg/kg/day) Number of litters Live pup birth weight? (g) Pup weight PND15P (g) Weight gain PND1-15P (g)
Wild type
0 13 138 £ 0.04 7.65 £+ 0.19 6.30 £ 0.19
4.5 8 1.40 + 0.05 7.67 £ 0.47 6.33 £ 0.45
6.5 4 132 £ 0.03 7.91 + 0.27 6.59 + 0.29
8.5 15 135 £ 0.04 7.16 + 0.27 5.83 £ 0.27
10.5 17 1.39 £ 0.02 749 £ 0.67 6.14 £ 0.67
PPAR KO
0 1 1.30 £ 0.04 7.03 £ 0.33 5.76 + 0.34
8.5 1 1.27 +£ 0.03 7.31 £ 0.30 6.05 + 0.31
10.5 14 1.25 £ 0.04 6.25 + 0.43 4.99 + 043

Litter means + S.E.M. GD, gestational day; PND, postnatal day.
2 Male and female pups in a litter weighted as a group on PND1.

b Male and female pups were weighed by sex on PND15. Mean PND15 weight and weight gain are based on combining data for males and females by litter.
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Table 3

Body weight, absolute, and relative liver weight in dams and offspring on PND15 in
wild type and PPARa knockout (PPAR KO) mice after exposure to perfluorooctane
sulfonate (PFOS) on GD15-18

Dose group N Body weight (g)  Liver weight (g)  Relative liver weight?
WT dams

0 20 28.7 £ 0.72 1.63 + 0.10 5.61 + 0.23

4.5 8 28.6 +£1.23 174 £ 013 6.02 £+ 0.22

6.5 11 26.7 + 1.06 1.66 + 0.12 6.15 + 0.21

8.5 22 27.8 + 0.66 1.71 £+ 0.07 6.11 £+ 0.13
10.5 17 27.3 £0.88 172 £ 0.10 6.22 £ 0.16
KO dams

0 13 29.9 + 1.09 1.89 + 0.14 6.23 + 0.32

8.5 16 28.6 + 0.99 1.81 + 0.12 6.24 + 0.24
10.5 14 30.6 + 0.90 2.18 + 0.10 7.08 + 0.15
WT pups

0 9 7.59 + 0.20 0.24 + 0.01 3.11 £ 0.54

4.5 6 7.72 + 043 0.26 + 0.02 3.33 £ 0.12

6.5 4 791 £ 0.35 0.27 £ 0.01 343 £ 013

8.5 9 6.95 + 0.46 0.28 + 0.01 3.52 £ 0.22
10.5 7 743 + 0.66 0.30 + 0.03° 4.00 + 0.19¢
KO Pups

0 10 7.30 + 0.30 0.23 + 0.01 3.18 + 0.06

8.5 7 741 £+ 0.28 0.25 + 0.01 3.48 £+ 0.10
10.5 13 6.28 £ 0.51 0.23 £ 0.02 3.70 + 0.154:b

Means (dams) or litter means (pups)+S.E.M. N, number of dams or litters (pup
means on a litter basis). Liver and body weights shown here are from two pups per
litter (generally one of each sex).

a Relative liver weight = (liver weight/body weight) x 100.

b p<0.01, trend for increase across dose.

¢ p<0.001, treated vs. control and trend for increase across dose.

d p<0.05, treated vs. control.

weights measured on PND15 at 16 days after the last dose) at
any of the doses administered (Table 3). PFOS exposure did not
affect the mean pup body weight on PND15, however, relative
liver weights of WT and KO pups exposed on GD15-18 to PFOS
at 10.5 mg/kg were significantly increased (sexes combined). There
were also significant dose-related trends for increased relative liver
weight in both WT and KO pups and for increased absolute liver
weight in the WT pups. (Note: PND15 mean pup weights shown
in Table 2 were calculated from the average weight of all pups
in each litter, while the liver and body weights shown in Table 3
are from two pups per litter, generally one of each sex.) When
relative liver weight of pups was examined separately by sex, a
significant effect of PFOS was detected in WT males and females
(p<0.05) exposed to 8.5 mg/kg/day, as well as WT males (p <0.01),
WT females (p<0.001), and KO males (p<0.05) exposed to the
10.5 mg/kg/day dose (data not shown). In addition, absolute pup
liver weight of the 10.5 mg/kg/day dose group were significantly
increased in WT males and WT females (p <0.05 and <0.01, respec-
tively, data not shown).

Survival of pups from birth to PND15 was significantly reduced
in PFOS-exposed WT and KO litters (Fig. 1A and B). Most of the
postnatal deaths occurred between PND1 and 2. Survival of WT
pups on PND15 was significantly reduced (p<0.001) in the 4.5,
8.5, and 10.5 mg/kg/day groups, compared to WT controls. WT lit-
ters exposed to 4.5, 6.5, 8.5, and 10.5 mg/kg/day had only 45 + 14%
(n=8), 55%+6 (n=7), 43%+9 (n=20), or 26 9% (n=17) of pups
alive on PND15, respectively, compared to 65+10% (n=16) in
control litters. In WT pups, survival in the 4.5 mg/kg/day group
did not significantly differ from that of pups exposed to 6.5 or
8.5 mg/kg/day. Survival of KO pups on PND15 was significantly
reduced (p<0.001) in the 8.5 and 10.5 mg/kg/day groups, com-
pared to KO controls. KO litters exposed to 8.5 or 10.5 mg/kg/day
had 56%+12 (n=13) or 62+ 8% (n=14) of pups alive on PND15,
compared to 8449% (n=12) in control litters. The effects of PFOS

Pup Survival PND1-15
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Fig. 1. Postnatal survival of pups is shown as percent of the litter alive on PND1-15
for WT (A) and PPAR KO (B) strains. WT litters showed a significant decrease in sur-
vival to PND15 in the 4.5, 8.5, and 10.5 mg/kg/day groups. KO litters had significantly
decreased survival to PND15 in the 8.5 and 10.5 mg/kg/day groups, compared to the
KO control. Data shown are the mean of all litters in each dose group. ¢p <0.001 vs.
control.

on survival could be expressed as % of the respective controls to
take into account the different rates of survival that may be related
to strain. Even though the genetic background of both the WT and
KO mice was 12951, the survival of WT controls was lower than
that of the KO. If survival of the PFOS-exposed pups is expressed as
% of control, the survival in the 8.5 mg/kg dose groups is the same
regardless of strain (66.4% in WT and 66.6% in KO). The effect of
the 10.5 mg/kg dose was more pronounced in the WT, even when
expressed as % of control (40.2% survival in WT and 72.4% in KO).
Postnatal development was also evaluated by recording the
age at which both eyes were fully opened and calculating per-
cent of pups per litter with open eyes. The percent of pups per
litter with both eyes open increased from PND12 to 15 for all
groups, WT and KO (Fig. 2A and B). On PND13, none of the WT
pups exposed to 8.5 mg/kg/day (n=8 litters) had open eyes, while
44% + 15 of the controls (n=9 litters) had open eyes (p <0.05 com-
pared to control on that day). On PND14, the percent of KO pups
with both eyes open was significantly (p <0.05) lower in the group
exposed to 10.5 mg/kg/day (23% + 10, n=13), compared to the KO
controls (59% + 10, n=10). These results suggest that eye opening
was delayed by exposure to PFOS in both the WT and KO pups.
Serum levels of PFOS in dam and pups were determined from
samples collected on PND15 (16 days after the last dose). The level
of PFOS in serum of adult females and PND15 pups increased with
dose in a linear fashion (significant dose-related trend, p <0.001,
r2 for the groups ranged from 0.78 to 0.95) in both WT and KO
mice (Table 4). All treatment groups were significantly different
from their respective controls (p<0.001). Under the assay condi-
tions employed here, PFOS was below the limits of detection in
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Table 4
Serum levels of PFOS in adult females and pups on PND15
Dose group Adult females: no pups at PND152 Adult females: with pups at PND15P Pup at PND15
N PFOS (ng/mL) N PFOS (ng/mL) N PFOS (ng/mL)
Wild type
0 7 15.8+4.73 13 17.5 + 6.27 8 739 + 2.92
4.5 2) 32,400+ 2650 6 12,500 + 3230 6 24,100 + 1820
6.5 4 41,600 + 2950 7 16,300 + 1780 4 28,700 £ 2610
8.5 10 45,000+ 3150 12 15,200 + 2040 8 40,700 + 2680
10.5 10 57,700+ 3780 7 22,600 + 3570 6 41,200 + 3070
PPARa KO
0 2 42.5+7.55 9 582 + 8.22 8 6.88 &+ 1.57
8.5 6 56,400 + 5460 9 15,700 + 2230 7 42,800 + 3600
10.5 1 73,800 13 26,600 + 3410 12 52,400 + 3620

Means + S.E.M. Data were rounded to three significant figures. WT control dams with pups, 7 had values <LOQ; KO dams without or with pups, 1 and 8 had values <LOQ,
respectively. LOQ value was used for these dams and as a consequence the calculated mean and S.E.M. are likely to be overestimations for these groups.

2 Adult females dosed from GD15 to 18, with no pups surviving past PND6.
b Adult females dosed GD15-18 with live pups at PND15.
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Fig. 2. Percentage of pups with both eyes fully open on PND12-15 is shown for
WT (A) and PPAR KO (B) litters. Eye opening was delayed in WT litters exposed to
8.5 mg/kg/day and PPAR KO litters exposed to 10.5 mg/kg/day, ?p <0.05 vs. control.

most control samples; therefore, the means reported for the con-
trol groups shown in Table 4 reflect the LOQ values (5 or 50 ng/mL)
used for the statistical analyses. WT and KO mice receiving the same
dose had comparable PFOS levels on PND15, with the exception of
the dams with no pups which received the 8.5 mg/kg dose and the
pups from dams dosed at 10.5 mg/kg (KO > WT, p <0.05). The level of
PFOS in the pups was significantly higher than in the PFOS-treated
dams (p<0.001) (comparing the levels in PFOS-exposed dams to
the levels in the pups). Dams without pups after PND6 had signif-
icantly higher levels of PFOS than the dams with surviving pups
(p<0.001).

4. Discussion

In utero exposure of the mouse to either PFOA or PFOS can
result in high incidences of neonatal death. Although the pro-

cesses that are involved in producing deaths of the newborn mice
remain unclear, the responses to PFOA and PFOS differ regarding
the requirement for the PPARa pathway. The present study showed
that exposure to PFOS during the last 4 days of gestation results in
neonatal death soon after birth and that this response occurs in
the absence of expression of PPARa. Thus, activation of PPAR« is
not required in order to produce neonatal deaths after gestational
exposure to PFOS. This is not the case for PFOA, as our earlier study
demonstrated that expression of PPAR« is required to mediate the
responses that lead to neonatal death [43]. The PFOA-exposed mice
that did not express PPAR«a survived, while heterozygous or wild
type mice died. Thus, although PFOS and PFOA are both capable of
producing neonatal death, it seems likely that there is more than
one mechanism involved in producing that response.

The developmental toxicity of PFOS and PFOA in rat and mouse
were initially examined using protocols that dosed throughout
gestation. These studies found dose-related effects on postnatal
survival, as well as effects on weight gain and delays in eye open-
ing [25-28,31,47]. Cross-foster studies demonstrated that these
effects were dependent on gestational exposure and eliminated
maternal behavior or lactational exposure as major contributors
to the outcomes [25,33]. Further studies examined the sensitive
developmental period for producing these effects and showed that
exposure on the last few days of gestation was sufficient to produce
the neonatal lethality. Wolf et al. [33] reported that exposure of CD-
1 mice to PFOA at 5 mg/kg/day on GD15-17 was sufficient to reduce
pup weight from birth to PND22 and delay eye opening. Dosing CD-
1 mice with PFOA from GD15 to 17 was also able to reduce neonatal
survival, but only at the high dose of 20 mg/kg/day. These data indi-
cate that PFOA exposure only on the last few days of gestation is
sufficient to produce neonatal lethality in mice. Similarly, Grasty et
al. [44] dosed Sprague-Dawley rats with PFOS at 25 mg/kg/day for
4 days at different stages of pregnancy and found that exposure late
in gestation would result in neonatal deaths. In fact, one group of
rats in that study was exposed to PFOS on GD19-20 at 50 mg/kg/day
and only 29% of the pups born to these dams survived to 12 h after
birth.

The identification of a critical period late in gestation for the
effects of PFOS that lead to neonatal death suggests that an organ
such as the lung, that matures morphologically and functionally
late in gestation may be a target. Studies using rat pups exposed
to PFOS at 10 mg/kg/day from GD2 to 21 or mouse pups exposed
to PFOS at 15 mg/kg/day from GD1 to 17, reported that breathing
was labored and pups became pale, inactive and moribund within
30-60 min after birth [25]. Grasty et al. [44,48] examined the lungs
of newborn rats exposed to PFOS and described histological and
morphometric effects that suggested effects on maturation of the
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organ. For example, the alveolar epithelium retained an appearance
similar to the prenatal lung (thicker alveolar walls with increased
tissue to air space ratios). Lungs did not appear to expand fully
upon perfusion with fixative into the airspaces. The possibility that
PFOS was affecting the production or composition of lung sur-
factant was investigated [48]. Lung surfactant is produced late in
gestation and its major function is to reduce the surface tension at
the air-water interface in terminal airways and prevent collapse
of the alveolus upon expiration. Lung surfactant forms a surface-
active film that is composed of approximately 80% phospholipids,
10% neutral lipids, and 10% proteins [49]. Grasty et al. [48] exam-
ined the phospholipid profile and molecular composition of total
phosphotidylcholines present in control and PFOS-exposed neona-
tal rat lung and amniotic fluid on GD21 but found no significant
changes. Gene array analysis of the lungs also failed to identify any
changes in gene expression patterns that would indicate effects on
surfactant production or alveolar epithelial differentiation. While
these studies in the rat implicated lung function in the neonates
as a possible cause of the early deaths observed in PFOS-exposed
pups, it remains unclear if the mechanism involves lung matura-
tion per se or changes in the production or composition of lung
surfactant. Although the degree of lung development at birth varies
between species, alveoli increase in number and surface area post-
natally in both humans and rodents [50]. Although Gratsy did not
detect effects of PFOS on surfactant composition or production
on GD21 in the rat, there is a possibility that effects on the lung
could occur after birth and impact the progressive development
of alveoli and acquisition of lung function during the postnatal
period.

Perfluorinated compounds have chemical properties that make
them excellent surfactants and there is a possibility that PFOS or
PFOA could directly interact with pulmonary surfactant and inter-
fere with its function. Several recent studies have evaluated the
potential for PFOS and PFOA to interact with the main components
of lung surfactant. Dipalmitoylphosphatidylcholine (DPPC) is one
of the main phospholipid components in surfactant. Lehmler et al.
[51] used DPPC model bilayer membranes to evaluate the effects of
PFOS on membrane stability using differential scanning calorime-
try and fluorescence anisotropy measurements. PFOS was found to
partition into and affect the model membranes, changing mem-
brane fluidity at concentrations as low as 10 mg/L. The apparent
surfactant-DPPC partition coefficients for PFOS and sodium perflu-
orooctanoate were found to be 5.7 x 10% and 8.9 x 103, respectively.
These investigators recently compared the behaviors of the potas-
sium salt of PFOS, PFOA, and octane sulfonate (OS) with model
DPPC bilayer membranes [52]. The apparent partition coefficients
of PFOS, PFOA, and OS between DPPC bilayers and the aqueous
phase were 5.6 x 104, 1.5 x 104, and 3.0 x 102, respectively. The par-
tition coefficient for PFOS was about four times larger than that for
PFOA. Both PFOS and PFOA were shown to partition into the DPPC
bilayer and alter membrane properties at relatively low concen-
trations. PFOS altered T, the temperature at the midpoint of the
liquid-crystalline to the gel phase transition, at concentrations as
low as 19 wmol/L (~10 ppm), while PFOA affected phase behavior
with a significant decrease in Tr, at 111 wmol/L (~48 ppm). These
studies demonstrated that PFOS and PFOA have a tendency to par-
tition into DPPC model membranes, alter membrane structure, and
possibly membrane function, but PFOS does so more drastically and
at lower concentrations. Similar findings were recently reported
using 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) monolayer
and bilayer model membranes and NMR techniques, the
Langmuir-Blodgett technique with surface pressure and surface
potential measurements, and molecular dynamics simulations to
compare PFOS and PFOA [53]. These studies showed that PFOS

and PFOA migrate from the water phase into the preformed DPPC
and DMPC monolayers and bilayers, changing their properties.
Both PFOS and PFOA influenced the fluidity and phase transi-
tions of the DPPC and DMPC membranes, but PFOS produced
stronger effects. Studies using a biological surfactant preparation,
bovine lipid extract surfactant and a captive bubble surfactometer
also support the ability of PFOS and PFOA to directly inter-
fere with surfactant properties at relatively low concentrations
[54].

These in vitro studies support the hypothesis that perfluorinated
chemicals have the potential to directly interact with lung surfac-
tant and that disruption of the function of lung surfactant could
be responsible for the neonatal mortality observed in rodent stud-
ies. While this hypothesized mechanism might be applicable to
those pups that exhibit labored breathing and die soon after birth,
this mode of action is less likely to explain the deaths that occur
later in the postnatal period because pups exposed to PFOS at low
doses or to PFOA continue to die for up to 10-14 days after birth.
It is likely that other organs and/or physiological processes are
targeted by these compounds to produce the later deaths. Based
on the cross-foster studies [25,33], it was apparent that prenatal
exposure to PFOS was an important determinant of the outcomes,
and an attempt to induce the neonatal lethality by directly treating
newborn pups did not lead to death (unpublished data, C. Lau). In
addition to distribution of the compounds to the fetal tissues, amni-
otic fluid was proposed as a route of exposure that would give the
compound direct access to the alveoli and surfactant in the fetal
and newborn lung. PFOA has been detected in amniotic fluid on
GD15 and 21 in the rat with dose dependent concentrations rang-
ing from 1.5 to 8.1 wg/mL [30] and in their study Grasty et al. [48]
also detected PFOS in rat amniotic fluid (personal communication,
J. Rogers).

The present study showed that PFOS-induced neonatal deaths
regardless of the status of PPARa gene expression, an observation
that is consistent with a mechanism that depends on the chemi-
cal properties of the compound and not on altered gene expression
as a primary event. The finding that PFOS is more effective than
PFOA in changing the properties of phospholipid membranes and
the fact that PFOS is a weaker agonist for PPAR« than PFOA [55-57],
may help explain the apparent difference in mechanisms through
which PFOA and PFOS cause neonatal deaths. Thus, the mode of
action for PFOS-induced neonatal lethality found to occur soon after
birth could involve interference with the function of lung surfac-
tant, but may not require activation of the PPARa receptor. PFOA,
on the other hand, is a better agonist for PPARa than PFOS and is
weaker in its ability to disrupt phospholipid bilayers. Furthermore,
neonatal lethality after PFOA exposure is dependent on expres-
sion of PPAR«. This study, along with those which examined the
potential for PFOS and PFOA to interfere with lipid bilayers, only
provide indirect evidence to suggest pulmonary insufficiency as
a cause of PFOS-induced neonatal lethality. In addition, the role
of PPAR« activation in postnatal deaths remains to be elucidated.
Clearly, additional studies will be needed to definitively define the
modes of action for the deaths that occur soon after birth and to
establish causes for deaths that occur days later.
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